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lNon-Newtonian Gravitational Forces and the Greenland
Ice-Sheet Experiment

!iICHARD J. HUGHES, T. COLDMAN and MICHAEL MARTIN NIETO
Theoretical Diw”sion, Loa Alamoa Natiorud Laboratory, Univerait~ OJ California

Loa Alamoa, New Mezico 87545

Abstract

The reaulta of an experiment to teat Newton’s lnve~Squue Law of Grav-
itation in the Greenland ice-cap were announced recently. The uomaloun
gravity grdient which WM found cm be expltined either by an unr~ognized
anomaly in the density of the rocks under the ice mheet, or by the existence of
a non-Newtonian component of the gmvitationd force. Here we focus on the
latter poaaibility, and find that the force would be attractive, with a strength
between about 2.4% and 3.5% that of Newtonian gravity, and a range between
about 225 m aud 5.4 km.



The experimental technique adopted by the Greenland collaborationlJ origi-

nated with G. B. Airy in the l!lth century a), and haa been modified to test the

inverse square law. The objective is to measure the change of the acceleration due

to gravity, g, with depth, z, in the earth, and compare this with the prediction

b=ed on Newtonian gravity and knowledge of the de~,sity of material between the

surface and depth z. Ln a simple, spherically-layered model earth we would have,

Ag(z)No_tOn = g(z) – g(o) = Z[~ – 4mG[.bfl] , (1)

where we have assumed that z << R@, the radius of the earth. Here, -y is the

‘freeair gradient,” the variation of gravity with depth, ignoring the gravitational

effect of the surrounding material. In our simple model earth

q = (308.3 + 0.5cos2 ~)~Gal rra-l ,

corresponding to an increme of gravity with depth (1 Gal

4 is the latitude). Clmb is the value of Newton’s constant

experiments, ad p is the density of the material through

(2)

= 10-2mU-2). (In eq. 2

measured in laboratory

which the gravity mea-

surements are taken. The secoud term in eq. ( 1) is the ‘double Bouguer gradient ,“

It represents the gravitational attraction of ths surrounding material, and causes

gravity to decrease with depth. For ice, p s 0.91gcm-s, so that

‘i%cl,b~= 80pGal m-’ . (3)

After developing the model value, Ag(z)~o_tOm, the gravity anomaly

Ag(z)mnommiY = Ag(z)=MUti

is formed. The non-zero anomaly found in

– Ag(Z)Naw,on (4)

Greenland*) then represents some

unr~ognizcd anomaly in the Newtonian model, This anomaly could be either

Newtonian in nature, where attention focuaea on the tree-air gradient, or Lhe cfrect

of some non-iNewtonian gravitational force, The experimental group haz addrmscd

carefully the former irmue, where they have succeeded in quantifying the cfrect on

AgN@w,On,of unknown density anomalies in the bedrock below the icenheet.’~ in

rmr simple model ( 1), th~e density anomaliea would show up aa local or r~gionml

3tructure in ~.

The conclusion of the collaboration,l) which reprmentn a major improvcmrnt

upon ●arlier Airy ●xperimen[~, in that ● rrlativ~ly large and gwlogically llrwx -

pcrted amount of excens density of ().3gcm s would he rquirwi. ‘rhe tmhr~iqur
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used to reach this conclusion, ideal body analysia,sl will allow the development of

potentially much more definitive e~periments of this type, where density anoma-

lies can be made even more unlikely. Here we will fucus on the second poesible

explanation for the non-zero gravity anomaliea found by the Greenland collabora-

tion, namely, non-Newtonim gravitational forces. To this end a non-Newtonian

expression for AgmO~d, must be developed.

We start from a simple Yukawa potential addition to the Newtonian gravi~a-

tionai potentiai at distance r from a point maas, m

where ‘NN” denotes

G. m
VN~(r) = - — [1+ a c-’/A] ,

r

non-Newtonian.

(5)

Here a is a strength parameter, and ~ is the range of the non-Newtonian

force. Such modifications of Newtonian gravity occur in modern quantum gravity

theorieu.lO1

In equation (5) Cm is the (true value of) Newton’s conetant at iarge separation

(r >> A), while the laboratory value (valid for small separations),

cl-b = (1 + CZ)C~ , (6)

must be used In AgNaw80n. Our taak now is to obtain a non-Newtonian model value

for the gravity anomaly

Ag(z) _otaI = Ag(z)~~ – Ag(z)NawlOm , (7)
smm-dv

where AgNN is obtained from eq. (5) by integration over the earth.

The Newtonian component of eq. (5) in easily dealt with, while the contribution

of the Yukawa term can be determined from the following two formulae, which give

the Yukawa contribution, Jg, to the gravitational acceleration at heigk t z above a

uniform sphere of demity P, radius

{
dg(z) -: 4nG=p a J Rcoeh(:)

md at dep~h z beiow the surface,

R,

~ml, R z()‘i
3

(!))



To apply these results to the Greenland experiment, we approximate the earth

as spherically layered (p s p(r)), with a layer of ice of thickness h = 2km of density

pI =5 0.91gcm-B, overlying rocks of density ~R s 2.7gcm-s. Under the assumption

that A is much less than the thickn~s of the earth’s crust we may replace all the

rocks below the ice by a uniform sphere of denzity PR and radius (& – h) aa far

as the Yukawa term iz concerned. The Yukawa contribution of the spherical shell

of ice is then simply the difference between that of uniform spheres of ice of radius

R@ and (~ –h).

The non- Newtonian value of Ag is then,

+ 2%caaA {(p/l - pJ) [e-(h-”)l~ – c-q + pJ [e-’/A – 1]} , (lo)

where the first term is the contribution of the Newtoniu component in eq. (5),

and we have assumed J << &, and O c z < h, in the second term.

The Newtonian model va!ue of Ag ia

[ 1Ag(z)~,w,On = 4zC~(l + a) (& - Z)-2 l*-S dr’rnp(r’) - l?~’ ~% dr’rnp(r’) (11)

where we have used eq. (6). So, from eqa. 7, 10 and 11 we obtain the non-

Newtonian form of the anomaly,

([ A
~g(z) -.,., = 47rGma p\z + ~ )1}( )(PR - Pf)G-h/A (e’/A - 1) - p~ (1 - e-”)’ 12a.uD91p

which is to be compared with the experimental valu~, eq. (4).

The momaloua gravity gradient in

[“sirlg

(;lmb = 6.67pGdm - l/gcm ‘ ,

4
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\ve find that the gradient in two limiting casea is,

d
~Ag modal *

{

2rGl&bpIa = 40apGdm-’, z = O
for A<<h

-o-d?

(15)
2ficl~b(9f -t PR)a = 160apGafm-1, z = h

and

: L3g -od.l = z~~l.b~~a = lz(h~ca]m-’,() < z < h for ~ >> h . (16)
Onommly

.~nomalous gradients interpolate smoothly between these valu- for irt:rrnediate

A.

It is immediately cleaz from comparing these hat two formulae with the exper-

imental results that A is poorly con ltrained, while a must be 2-3% (attractive) in

size. A more quantitative statement of these featurea in contained in our paper’].

The bat fit correspond.s to Q = 3.1% and A = 805m with X2 = 0.14 per degr~

of freedom. The minimum ruige solution with X2 = 1 per degr- of freedom hw

a = 3.s% and J = 225m, which is consistent with the “Rapp bound,”61 ZIAderived

by Stacey et af.e)

la~l < 14m . (17)

The maximum range solution haa a = 2.4% and A = 5.4 km. This definitely

r :reds the Rapp bound, eq. 17), but the bound itself may be too low by a

significant numerical factore~.

We find, then, that a non-Newtonian explanation of the Grexmla.nd results,

with one Yukawa component, requires an attractive force with parametem which

are consistent with, but tending to be larger than those needed to explain t}ie

results of Eckhardt et aJ.71 For a single Yukawa force the Greenland results are

inconsistent with three of Stacey cc aLaOs)

The r-ulta of Eckhudt cc d. have been reconciled7”eJ with theme of Stacey

et al g al b wing two Yukawa components, which we suggested by our quantumY

gravity phenomenology. ‘o) However, in our opinion it is premature to regard such

a result w supporting the two-component phen~menology, when the ●xistence of

any non-Newtonian phenomenon haa yet to be definitively established. Indeed,

‘ Parker has reported “) that much amailer density contrMt anomalies than needed

la (;reenland can provide Newtonian explanation for the Australian- mineshaft

and .North-Carol in&tower grnvity anomalieo, Therefore, although the Greenland

rtwults could be reconciled with those of Stacey cc al. in the twwcomponpnt

picture, it in not necessary to pursue that point here.
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